Chip evacuation is a critical issue in metal cutting, especially continuous chips that are generated during the machining of ductile materials. The improper evacuation of these kinds of chips can cause scratching of the machined surface of the workpiece and worsen the resultant surface quality. This scenario can be avoided by using a properly designed chip breaker. Despite their relevance, chip breakers are not in wide-spread use in polycrystalline diamond (PCD) cutting tools. This paper presents a systematic methodology to design chip breakers for PCD turning inserts through finite element modelling. The goal is to evacuate the formed chips from the cutting zone controllably and thus, maintain surface quality. Particularly, different scenarios of the chip formation process and chip curling/evacuation were simulated for different tool designs. Then, the chip breaker was produced by laser ablation. Finally, experimental validation tests were conducted to confirm the ability of this chip breaker to evacuate the chips effectively. The machining results revealed superior performance of the insert with chip breaker in terms of the ability to produce curly chips and high surface quality (Ra = 0.51-0.56 µm) when compared with the insert without chip breaker that produced continuous chips and higher surface roughness (Ra = 0.74-1.61 µm).
Introduction
Given their high performance under severe working conditions, via mechanical and thermal stresses and harsh chemical environments [1, 2] , superalloys and advanced materials have been widely used in the manufacturing of components for jet engines [2] , turbochargers [3] and aerospace [4] applications. Nevertheless, these materials display difficult machinability characteristics [5, 6] due to their low thermal diffusivity [2] , high strain hardening [7] , high chemical reactivity [8] , carbide precipitation in grain boundaries [1] and high ductility [9] . Chief among these machining attributes, the high ductility of machined workpieces ordinarily leads to the formation of long continuous chips during the machining process, which negatively affects the safety, efficiency and continuity of the machining operation [10] .
An appropriately controlled machining process enables high productivity and minimizes costs of energy, materials, and tools [11] . This necessitates restrictive cutting conditions to be identified and rigorously applied [11, 12] . In addition, an appropriate design of a cutting tool is essential to achieve an effective chipping operation and to extend tool life [13, 14] . However, chip evacuation is a recurrent problem that needs addressing with machining ductile and soft materials, especially the formation of continuous chips [10, 15, 16] . Discontinuous and fragmented chips are easier to control as continuous chips can wrap around the workpiece and/or the cutting tool and clog the cutting zone, which negatively affects the cutting process. Such chips can scratch the newly machined surface, detract from its quality and increase tool wear/breakage thereby decreasing tool life [17, 18] . This results in a higher number of production stops and, therefore, in a dramatic increase of production time. Thus, the chip formation process and chip control using combined cryogenic and minimum quantity lubrication [19, 20] , applying cryogenic lubrication [7, 21] , high pressure coolant [2, 11] ultrasonic-assisted vibration [15, 17] , optimization of the processing parameters [10, [22] [23] [24] , and chip breakers [10, 14, 16] as well as their limitations [25] , have been widely studied, both experimentally and by means of simulation.
It is widely accepted that the contribution of chip breakers in enhancing the chip fragmentation process is significant. Chip breakers prolong tool service life and enhance obtainable surface finishing of the component, particularly when it comes to cutting ductile materials [16] . Generally, there are a wide range of carbide-tools with an enormous variety of chip breaker types and shapes commercially available. However, to the best of the authors' knowledge, this is not the case for polycrystalline diamond (PCD) tools, where there is a gap in the market to offer reliable PCD inserts with chip breakers [25] . Due to its high hardness and high abrasive resistance, PCD inserts are widely used for the high-quality machining of non-ferrous metals such as aluminum alloys [26, 27] . Given that aluminum alloys are ductile materials, the machining processes of such materials are associated with the generation of continuous chips that require dependable chip control. In this context, there has been an increasing demand for PCD inserts with chip breakers to satisfy the ongoing requirements of modern machining applications.
Recently, there have been trials by such tool manufacturers as Mitsubishi, Lach Diamond, and others to integrate non-conventional technologies in their production processes in order to introduce chip-breaker geometries in their PCD inserts [28, 29] . However, these implants are for standard and general-purpose inserts only, and there are no similar applications for special or custom tools.
When tailoring chip breakers for machining ductile materials, it is important to consider the different breaking mechanisms of the chips generated, founded on the processed material, process parameters and cutting tool geometry. Chips are liable to break spontaneously at the weakest points along their lengths, or against the cutting tool, or against the workpiece surface [30] , see Figure 1a ,b,c. The second and third scenarios can damage the tool or surface quality, respectively. This makes it critical to control the chip evacuation process, which can be satisfactorily achieved using proper chip breaker geometry to bend the generated chip sufficiently so that it breaks on its own. Researchers have studied different methodologies to optimize chip breakers design, experimentally [16] and combining experimentation and simulation [14, 31] , but most of them restricted their work to non-PCD insert tools. On the other hand, the authors previously worked on developing chip breakers for PCD inserts welded into milling-tools [14] . One of the main issues was the implementation of a simulation tool to model the processing of PCD by a ns-pulsed laser. However, the study was focused on a milling case, and while milling processes generate discontinuous chips, the study did not address the chip evacuation problem.
When turning ductile materials, long continuous chips are generated and they tend to wrap around the part. Accordingly, the motivation for this research study was to carry out a systematic methodology to design customized chip breakers that enable a controlled removal of the chips from the working zone. The proposed approach utilizes finite element method (FEM), due to its high ability to accurately simulate the chipping process [32] , taking into account the machining process parameters and the material to be machined.
Following this introduction section, there is a description of the methodology used, based on a finite element (FE) study, to design a customized chip-breaker. After that, the case study of the design a chip breaker for a PCD turning insert is presented, which shows the design process in a practical way. Next, the chip breaker was manufactured by means of laser technologies and real machining tests were conducted. Finally, there is an assessment of the results and, afterwards, conclusions are drawn.
Chip Breaker FE Design for a PCD Turning Insert
Although numerous tool manufacturers still base their tool-designs on try-and-see methods based on their previous experience [19] , FEM is considered a reliable tool to assess the relative performance of several designs of engineering components, and has been extensively used for the design of cutting tools [32] [33] [34] . Gurbuz et al. [35] pointed out the significance of FEM to evaluate different design geometries to determine a final design before manufacturing, which is substantially cheaper than trial and error methods.
The first stage of tool design is to identify the relevant geometrical parameters. Sreekala and Sreekala [36] chose a curved groove geometry as the basic design for a chip breaker. This geometry and the nomenclature were followed by other researchers [26, 36] . It is expected that including backwall height to the chip breaker geometry would significantly restrict the chip breaker design, especially the radius of curvature. For this reason, conventional curve groove geometry was considered, dismissing the backwall height [36] . Figure 2 shows the essential parameters in the design of the cutting edge of a chip breaker: Rake angle (α); land width (a); radius of curvature (R); and tool-chip contact length (L). The groove width (W), however it is not an independent parameter, but it depends on the aforementioned ones.
The design stage requires: (1) Selection of land width and rake angle; and (2) selection of the radius of curvature. In this study, and regarding the selection of land width and rake angle, several simulations were carried out with combinations of different land widths and rake angles, with the aim of determining the combination that produced the chip with most curl, without a chip breaker. Regarding the selection of the radius of curvature, the curved groove of the chip breaker was tested with different values of the radius of curvature to ascertain the most effective value.
FE simulations were carried out using Third Wave Systems AdvantEdge©, Minneapolis, MN, USA, version 7.2, a commercial software package for simulating machining processes [37] . As a Lagrangian finite-element-based simulation, it can predict the chip formation process, including chip breaking. Furthermore, it enables defining custom geometries of the workpiece and tool and offers a wide range of output parameters such as strain rate, stresses, plastic strain and temperatures.
The design stage requires: (1) Selection of land width and rake angle; and (2) selection of the radius of curvature. In this study, and regarding the selection of land width and rake angle, several simulations were carried out with combinations of different land widths and rake angles, with the aim of determining the combination that produced the chip with most curl, without a chip breaker. Regarding the selection of the radius of curvature, the curved groove of the chip breaker was tested with different values of the radius of curvature to ascertain the most effective value. 
Case Study
For the better understanding of the design process of a chip breaker for a PCD insert, a particular case study for a PCD turning insert is presented. The findings of this case study will be then experimentally validated in real machining tests.
The starting geometry of the turning insert is a rhombic 80 • insert CNGA 120408 with a chamfer on the cutting tool edge of 0.1 × 0.07 mm, see Figure 3a ,b. Cutting conditions for this study, which belong to the cutting range data recommended by the manufacturer: Depth of cut (Ap) = 1-4 mm and feed (f) = 0.05-0.2 mm/rev, are shown in Table 1 . Based on this geometry and cutting conditions, the value of the rake angle, α; land width, a; and radius of curvature, R, will be chosen systematically, considering the results of the FE simulations. FE simulations were carried out using Third Wave Systems AdvantEdge©, Minneapolis, MN, USA, version 7.2, a commercial software package for simulating machining processes [37] . As a Lagrangian finite-element-based simulation, it can predict the chip formation process, including chip breaking. Furthermore, it enables defining custom geometries of the workpiece and tool and offers a wide range of output parameters such as strain rate, stresses, plastic strain and temperatures.
The starting geometry of the turning insert is a rhombic 80° insert CNGA 120408 with a chamfer on the cutting tool edge of 0.1 × 0.07 mm, see Figure 3a ,b. Cutting conditions for this study, which belong to the cutting range data recommended by the manufacturer: Depth of cut (Ap) = 1-4 mm and feed (f) = 0.05-0.2 mm/rev, are shown in Table 1 . Based on this geometry and cutting conditions, the value of the rake angle, α; land width, a; and radius of curvature, R, will be chosen systematically, considering the results of the FE simulations. 
Workpiece Materials
Al 6082 Depth of cut (Ap) 1 mm Cutting Velocity (Vc) 100 m/min
Feed rate (f) 0.1 mm/rev
Selection of Rake Angle (α) and Land Width (a)
For a chip to break spontaneously (see Figure 1a ), it is necessary that it curls sufficiently. For that purpose, on this first stage of the design, FE simulations trials were performed to obtain the best combination of rake angle (α) and land width (a) to optimize chip curling without using a chip breaker. These two parameters should not be analyzed independently, as the behavior of the chip during formation near the cutting edge depends on their combination.
Three values of rake angle (α) were proposed: 10°, 20° and 30°. It is assumed that higher rake angles lead to lower cutting forces, so the selection of a positive rake angles [38, 39] is recommended. However, there are some drawbacks for excessive rake angles. The key issue is that the higher the rake angle is, the weaker the cutting edge becomes. This fact introduces higher stresses on the cutting insert and leads to higher tool wear. This is because with higher rake angles, the contact area between the tool and the chip is reduced, so the equivalent application-point of the normal force moves towards the cutting edge. Furthermore, this interface between tool and chip is the region of the maximum contact temperature and shifting this towards the cutting edge, shortens the life of the tool, 
Workpiece Materials Al 6082
Depth of cut (Ap) 1 mm
Cutting Velocity (Vc) 100 m/min
Selection of Rake Angle (α) and Land Width (a)
Three values of rake angle (α) were proposed: 10 • , 20 • and 30 • . It is assumed that higher rake angles lead to lower cutting forces, so the selection of a positive rake angles [38, 39] is recommended. However, there are some drawbacks for excessive rake angles. The key issue is that the higher the rake angle is, the weaker the cutting edge becomes. This fact introduces higher stresses on the cutting insert and leads to higher tool wear. This is because with higher rake angles, the contact area between the tool and the chip is reduced, so the equivalent application-point of the normal force moves towards the cutting edge. Furthermore, this interface between tool and chip is the region of the maximum contact temperature and shifting this towards the cutting edge, shortens the life of the tool, according to Astakhov [40] . Thus, a rake angle over 30 • would be inappropriate, as it would excessively weaken the tool edge.
Four values for the land width (a) were proposed according to the feed rate: Non-existent land width, a = 0.00 mm; a = 0.05 mm, equal to 50% of the feed rate; land width equal to the feed rate, a = 0.1 mm; and a = 0.15 mm, 1.5 times the feed rate.
The results obtained from the FE simulation are shown in Table 2 and Figure 4 . The best solution corresponds to a rake angle of α = 20 • and a land width a = 0.05 mm, that is 50% of the feed rate. This combination gives the lowest radius of curvature of the generated chip without using chip breaker, as well as considerably lowering the cutting forces and temperatures. Consequently, this was the design selected for the chip breaker's edge in the first stage. according to Astakhov [40] . Thus, a rake angle over 30° would be inappropriate, as it would excessively weaken the tool edge. Four values for the land width (a) were proposed according to the feed rate: Non-existent land width, a = 0.00 mm; a = 0.05 mm, equal to 50% of the feed rate; land width equal to the feed rate, a = 0.1 mm; and a = 0.15 mm, 1.5 times the feed rate.
The results obtained from the FE simulation are shown in Table 2 and Figure 4 . The best solution corresponds to a rake angle of α = 20° and a land width a = 0.05 mm, that is 50% of the feed rate. This combination gives the lowest radius of curvature of the generated chip without using chip breaker, as well as considerably lowering the cutting forces and temperatures. Consequently, this was the design selected for the chip breaker's edge in the first stage. 
Determination of the Radius of Curvature
Once the optimum land width and rake angle are selected, the next step is to determine a proper curvature that enables curling the chips without getting clogged. From the previous simulation in which no chip breaker was considered, with α = 20 • and a = 0.05 mm, the natural radius of curvature (R) obtained was 1.45 mm and the tool-chip contact length (L) was zero, measured from the land width (i.e., L = 0, see Figure 5 ). These two parameters are interrelated and, when adding the chip breaker, they will determine the tool-chip contact area.
Regarding L, generally, the value of this parameter in the chip breaker design should be the same or lower than the natural tool-chip contact length, in order to increase chip curling. However, due to manufacturing issues, a minimum value of L should be stablished. Thus, although from simulation it was obtained that L = 0, on this stage of the chip breaker design, L was given a non-zero value, namely 0.05 mm, to ease manufacturing task.
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The new rake angle (which should be as similar as possible to 20 • ) which meets the requirements is α = 17 • . The geometry of the chip breaker obtained from the FE modelling work is shown in Figure 7a FEM simulation is a very powerful, reliable and cheap way of evaluating the cutting geometries. However, as modelling is a simplification of the reality, it is recommended that selected values for critical parameters of the design consider a security margin. Thus, as the gap between R being 1.0 mm or 1.4 mm is very small, instead of searching for an exact intermediate threshold value, the most conservative option was selected: R = 1.4 mm.
Considering the dimensions of the diamond tip, geometrical constraints of the top surface of the original PCD insert have to be taken into consideration during the design phase. In fact, a limited groove width of 1 mm (see Figure 2 ) can be fabricated. Besides this, and due to limitation of laser manufacturing process, the depth of the groove should not be larger than 100 µm. With α = 20°, a = 0.05 mm, L = 0.05 mm and R = 1.4 mm, these limits are slightly exceeded, so the design must be marginally modified to meet the requirements. From the FE simulation study in the first stage, it was concluded that minor modifications on the land width could drastically change the curling effect of the chip. Therefore, the land width (a) should not be modified. In the same way, regarding R, there was a small gap between the selected and the threshold value, so R will be maintained to avoid clogging. As for L, a minimum value of 0.05mm was selected for manufacturing reasons, so it cannot be reduced. Thus, the only parameter suitable to be slightly modified is the rake angle.
The new rake angle (which should be as similar as possible to 20°) which meets the requirements is α = 17°. The geometry of the chip breaker obtained from the FE modelling work is shown in Figure  7a Using the final chip breaker geometry, as displayed in Figure 7 , with the machining conditions shown in Table 1 , a final simulation was conducted. The result, presented in Figure 8 , shows an acceptable chip curling, with a radius of curvature corresponding to R = 1.4mm, without clogging. Using the final chip breaker geometry, as displayed in Figure 7 , with the machining conditions shown in Table 1 , a final simulation was conducted. The result, presented in Figure 8 , shows an acceptable chip curling, with a radius of curvature corresponding to R = 1.4 mm, without clogging.
Manufacturing of the Chip Breaker
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The chip breaker was manufactured using a nano-second laser, the ablation process was performed with a SPI-G4-HS ns ytterbium-doped fiber laser, Hedge End, Southampton, United Kingdom, emitting pulses at a wavelength of 1064 nm and using a mean power value of around 40 W. It has been reported that the ablation of PCD using ns pulses takes place via graphitization of the diamond in the PCD which is transformed into graphitic carbon [41] . The proportionality between the graphite-layer thickness, the pulse duration and the laser fluence has been proven [42] . To minimize the thickness of this unwanted graphite-layer, the pulse duration and the fluence of the laser pulses to process the PCD were as low as possible.
Initial experimental trials were conducted over a PCD turning-insert by ablating overlapping trenches under the minimum fluence of 23.74 J/cm 2 , pulse duration of 40 ns for scanning velocities varying from 0.6 m/s to 1.0 m/s, with overlapping distance between parallel trenches from 5 to 20 µm.
The chip breaker geometry was produced by ablating sequential layers, but it is well known that the resultant surface roughness is higher when layers are thicker. Thus, in order to minimize surface roughness, the thickness of the layers was chosen to be less than 4.0 µm. The results of the preliminary experiments showed that when ablating parallel trenches under 0.8 m/s scanning speed and 10 µm of overlap distance between parallel trenches, the ablated-layer thickness was among 3.6-4.0 µm. As a result, the concluding chip breaker contour was divided into 20 layers and fed into the laser software to be ablated sequentially using the identified optimum parameters. Figure 9 illustrates the geometry of the chip breaker after the laser manufacturing process. The ablated geometry of the chip breaker was measured, as seen in Figure 10 , using a confocal 3D optical profiler, S NEOX by SENSOFAR Metrology, Terrassa, Barcelona, Spain. The results revealed a good agreement (with 6% error) between the measured and designed width of the chip breaker. However, a higher discrepancy of 14% was detected for the produced depth of the ablated chip breaker when compared with the designated geometry.
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Experimental Turning Validation Tests
Practical machining tests were conducted to compare the performance of the tool-insert with its original geometry (no chip breaker) and with the one including the chip breaker. The test consisted in the longitudinal turning of an aluminum 6082 workpiece with the following cutting conditions: Ap = 1.0 mm, f = 0.10 mm and a Vc = 100 m/min, see Figure 11 .
A profilometer Mitutoyo SJ-201P, Kawasaki, Kanagawa, Japan, was used to assess the finishing and also photos of the chips generated were taken. Figure 12 shows the generated chips with and without a chip breaker. In particular, Figure 12a ,c presents the chips that are the result of not using the chip breaker. Clearly, the chips generated were not curled and wrapped themselves around the workpiece. However, as can be seen in Figure 12b ,d, with an insert including the chip breaker, the result was the generation of curly chips. Although these chips did not spontaneously break, they were curled and did evacuate from the newly machined surface and rake face of the insert in a controlled manner similar to that predicted by the simulation. This did help maintain a high-quality machined surface and did not increase the stresses on the cutting insert. These tests clearly confirmed that the insert with the chip breaker did generate curled 
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A profilometer Mitutoyo SJ-201P, Kawasaki, Kanagawa, Japan, was used to assess the finishing and also photos of the chips generated were taken. Figure 12 shows the generated chips with and without a chip breaker. In particular, Figure 12a ,c presents the chips that are the result of not using the chip breaker. Clearly, the chips generated were not curled and wrapped themselves around the workpiece. However, as can be seen in Figure 12b ,d, with an insert including the chip breaker, the result was the generation of curly chips. Although these chips did not spontaneously break, they were curled and did evacuate from the newly machined surface and rake face of the insert in a controlled manner similar to that predicted by the simulation. This did help maintain a high-quality machined surface and did not increase the stresses on the cutting insert. These tests clearly confirmed that the insert with the chip breaker did generate curled Figure 12 shows the generated chips with and without a chip breaker. In particular, Figure 12a ,c presents the chips that are the result of not using the chip breaker. Clearly, the chips generated were not curled and wrapped themselves around the workpiece. However, as can be seen in Figure 12b ,d, with an insert including the chip breaker, the result was the generation of curly chips. Although these chips did not spontaneously break, they were curled and did evacuate from the newly machined surface and rake face of the insert in a controlled manner similar to that predicted by the simulation.
This did help maintain a high-quality machined surface and did not increase the stresses on the cutting insert. These tests clearly confirmed that the insert with the chip breaker did generate curled chips, removing them from the cutting zone; and they also confirmed the fitness of the design of the chip breaker.
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This difference in generated roughness close to the beginning of the cutting path between the turning test using no chip breaker (Ra = 0.74 µm) and the test carried out using insert with chip breaker (Ra = 0.51 µm) can be attributed to the fact that the rake angle is bigger for the insert with chip breaker. Thus, the insert is sharper and the cut is smoother, reducing the built-up-edge (BUE). Figure 14a ,b show how the BUE was much pronounced in the tool without chip breaker when compared with the insert with chip breaker. Besides, the scratches can be seen in the insert as well. While the insert without chip breaker showed noticeable scratches, the one with chip breaker showed only minor scratches. Appl. Sci. 2019, 9, 
Conclusions
This study used a systematic approach to develop tailored, original chip breakers in polycrystalline diamond inserts, to assist the removal of chips generated under specific cutting conditions. FE analysis was utilized to create a 3D geometric design for a suitable chip breaker. Then, the 3D geometry was produced by the ablation of sequential layers of ablated material in the PCD insert using laser parameters optimized via initial experimental trials. Finally, real turning tests were conducted to compare the behavior of inserts with and without a chip breaker, with regard to chip formation and chips evacuation and, thus, to assess the reliability and efficiency of the chip breaker. The outcomes, in reference to the surface finishing and curly chip formation proved a clear and distinct improvement with the addition of the chip breaker.
Specific conclusions are as follows:
• It was confirmed that the important geometric parameters defining the shape of the chip breaker are as follows: Rake angle, α; land width, a; tool-chip contact length, L; and radius of curvature, R. • Higher rake angles led to lower cutting forces, but that as stress in the tool edge increased, the tool became weaker. • It was found that a rake angle of 17° produced chips associated with a relatively low cutting force, while keeping sufficient tool strength to endure machining stresses without premature failure. • Optimum curling was found to take place with a land width being equal to half the feed rate. 
• It was confirmed that the important geometric parameters defining the shape of the chip breaker are as follows: Rake angle, α; land width, a; tool-chip contact length, L; and radius of curvature, R.
•
Higher rake angles led to lower cutting forces, but that as stress in the tool edge increased, the tool became weaker.
It was found that a rake angle of 17 • produced chips associated with a relatively low cutting force, while keeping sufficient tool strength to endure machining stresses without premature failure.
Optimum curling was found to take place with a land width being equal to half the feed rate.
For small chip breaker radius of curvature, (e.g., 1.0 mm) the chips were prone to getting clogged, leading to a dramatic increase of cutting efforts. A 1.4 mm radius of curvature for the chip breaker gave the best solution.
• The results showed that a nano-second pulsed laser can be properly used to manufacture chip breakers.
The insert that included the chip breaker was demonstrated to provide a curled chip formation, and reduced surface roughness significantly as well. This confirmed that the new tool-insert with a chip breaker is an effective solution, that the FE modelling is useful for the design stage, and that a nano-second laser is suitable for laser ablation.
